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Vector boson plus jets production High-mass final states with large jet multiplicity are central to many aspects of the Large Hadron Collider (LHC) physics program. Baseline predictions for these processes depend on perturbative hard-scattering matrix elements, combined with parton shower event generators. In typical applications, the matrix elements are either multi-leg tree-level matrix elements, or nextto-leading-order matrix elements including virtual emission processes, or possibly, in the future, a combination of both (see e.g. [1, 2] for recent references and reviews). In this picture the parton showers are based on collinear evolution of jets developing from the hard event, while the matrix elements take into account hard large-angle radiation.
When this picture is pushed to higher and higher energies, however, new effects arise in the multiplicity distributions and the structure of angular correlations, due to soft but finite-angle multigluon emission (see e.g. [3] and references therein). Examples of such correlations in multi-jet deep inelastic scattering (DIS) final states are studied in [4] . Here it is observed that the DIS multijet measurements [5] enter a kinematic region in x and ∆φ , where x is the longitudinal momentum fraction and ∆φ is the azimuthal separation between leading jets, in which NLO predictions (e.g. by the NLOJET [6] event generator), while describing reliably inclusive jet rates, are affected by large theoretical uncertainties for jet correlations, and that these uncertainties are underestimated by the standard method of varying renormalization and factorization scales around a central value. On the other hand, resummation by collinear parton showering methods (e.g. by HERWIG [7] ) is not sufficient to describe the shape of the jet angular distributions.
As was noted already long ago in [8] , these high-energy effects on final-state distributions can be taken into account by treating the QCD evolution of the initial-state parton distributions via transverse-momentum dependent branching algorithms coupled [9] to hard matrix elements at fixed transverse momentum. This allows one to include soft gluon coherence [10] not only for collinearordered emissions but also in the non-ordered region that opens up at high √ s/p ⊥ and large p ⊥ . For the kinematic region of DIS multi-jets [5] it is found [4] that sizeable multi-parton emission contributions arise from regions with three well-separated hard jets, in which the partonic lines along the decay chain in the initial state are not ordered in transverse momentum. By taking these contributions into account, calculations [4] based on transverse-momentum dependent branching give results similar to NLO perturbation theory, where this is applicable, and are much closer to angular correlation measurements [5] in a region where significant higher-order terms are expected.
Besides the dynamical effects described above, it has recently been pointed out [11, 12] that including the correct transverse momentum kinematics in branching algorithms gives rise to nonnegligible kinematic shifts in longitudinal momentum distributions compared with collinear approximations. This effect is found [11] to contribute a large fraction of parton showering corrections relevant both for jets [13] and for massive final states at the LHC.
Both these dynamical and kinematical considerations motivate the present investigation of vector bosons plus jets final states at the LHC. To do this, we rely on our recent study of the highprecision deep inelastic scattering (DIS) combined data [14, 15] , in which the first determination of the transverse momentum dependent (TMD) gluon density function [16, 17] has been made including theoretical and experimental uncertainties, based on QCD high-energy factorization [9] at fixed transverse momentum and CCFM evolution [10] . In this theoretical framework, Ref. [16] performs fits to the precision measurements of the F 2 structure function [14] in the range x < 0.005, Q 2 > 5 GeV 2 , and the precision measurements of the charm structure function F (charm) 2 [15] in the
Vector boson plus jets production range Q 2 > 2.5 GeV 2 . Good fits to F 2 and F (charm) 2 are obtained, and based on these the TMD gluon distribution is determined at the initial evolution scale. The best fit to F (charm) 2 gives χ 2 per degree of freedom χ 2 /nd f ≃ 0.63, and the best fit to F 2 gives χ 2 /nd f ≃ 1.18. To carry out this analysis the paper [16] develops a parton branching Monte Carlo implementation of the CCFM evolution equation based on [8] , which is made available within the herafitter program [14, 18] . The results of [16] indicate that, despite the limited kinematic range, the great precision of the combined data [14, 15] provides a compelling test of the approach -in particular, of both the transverse momentum and the polarization dependence of the TMD gluon density at small x.
To treat the Drell-Yan (DY) vector boson production and compute predictions for W -boson + jets final states, we use the TMD gluon and valence quark distributions obtained in [16] from DIS (with valence quarks taken into account according to the method [19] ), convoluted with highenergy matrix elements [20, 21] with off-shell partons [22, 23] for weak boson production. We observe that the production of final states with W boson and multiple jets at the LHC receives contributions from a non-negligible fraction of events with large separations in rapidity between final-state particles [24] . This calls for parton branching methods beyond the collinear approximation [8] , and suggests the application of the results [16] . On the other hand, the average values of x in the W -boson + jets cross sections at the LHC are not very small. Thus to study such cross sections means to push the limits of the approach [16] , and it amounts to probing the method in a region where its theoretical uncertainties increase, and where the DIS experimental data [14, 15] do not constrain well the TMD gluon distribution. We come back to this below. [25] . The yellow band is the experimental uncertainty. The blue band is the theory uncertainty. Fig. 1 shows results for the inclusive jet multiplicity distributions, for different values of the minimum jet transverse momentum. The measurements [25] of the jet multiplicities are well described, within the uncertainties, by the predictions based on the TMD gluon density JH-2013-set2 [16] obtained from DIS precision data and high-energy factorization. For comparison, it is noted in [24] that the p ⊥ -ordered PYTHIA shower [26] cannot reproduce these distributions in the region of high jet multiplicities. The theoretical uncertainties, represented by the blue band, come from the treatment of the TMD distribution [16] and they are large, in particular larger than the experimental uncertainties. This reflects the fact that this observable is sensitive to the region of medium to large x.
The dominant uncertainty comes from variation of the factorization scale. This is varied by a factor of 2 above and below a central value, which depends on both the W mass and the transverse momentum. Conservatively, the variation is applied to both these contributions. 
Figure 2: Total transverse energy H T distribution in final states with W -boson + n jets at the LHC, for n
The experimental data are from [25] . The yellow band is the experimental uncertainty. The blue band is the theory uncertainty. Fig. 2 shows the total transverse energy distribution H T for production of W -boson +n jets, for different values of the number of of jets n: n ≥ 1, n ≥ 2, n ≥ 3. In this case also we see that the main features of the final states are described by the predictions, including high jet multiplicities.
We next consider the p T spectra of the individual jets. Fig. 3 shows the spectra of the leading jet for W -boson + n jets, with n from 1 to 4. The description of the measurements [25] is satisfactory
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Vector boson plus jets production throughout the p T range. In contrast, it is noted in [24] that the leading order PYTHIA [26] result starts to deviate from the measurements in the high-p T region of these spectra, implying that in this framework the description of the high p ⊥ region is to be improved by supplementing the parton shower with next-to-leading-order corrections to the matrix element, e.g. via matched NLO-shower calculations [27] such as POWHEG. The TMD approach, in contrast, including at the outset largeangle, finite-k ⊥ emissions [4, 28] , can describe the shape of the spectrum also at large transverse momentum.
Figs. 4 and 5 look into the structure of the multi-jet final states in closer detail by examining the p ⊥ spectra of the second jet and the third jet associated with W production. It is interesting that not only the leading jet and the global distribution of transverse energy in Figs. 3 and 2 are well described but also the detailed shapes of the subleading jets in Figs accuracy is expected to decrease, and both the theoretical and the experimental uncertainties on the transverse momentum dependence of the initial-state parton distributions are large.
In conclusion, we recall that vector boson plus jet final states are important for the LHC program of Standard Model (SM) physics, and as a background to searches for signals of physics beyond the SM. They are a benchmark process for QCD studies of multi-parton interactions [29] , and may help shed light on topical issues in the physics of forward jet production [30] . The work presented in this article studies W -boson + n-jet processes by taking into account soft but finite-angle multi-gluon emission via QCD high-energy factorization and evolution. Such effects go beyond next-to-leading-order perturbation theory matched with collinear parton showers (see e.g. [31] ), and give potentially significant higher-order radiative effects to multi-jet distributions in the highenergy limit. The calculations in this article use the transverse momentum dependent gluon density function recently determined from fits to high-precision DIS measurements [16] . Although affected by sizeable theoretical and experimental uncertainties, the use of this TMD density in the comparison with the LHC W + n-jet data indicates that detailed features of the associated final states can be obtained both for the leading jet and the subleading jets, and emphasizes the consistency of the physical picture, which can be extended from DIS to Drell-Yan processes to describe QCD multi-jet dynamics. It also points to the relevance of Monte Carlo event generators which aim at including parton branching at transverse momentum dependent level (see e.g. [32, 33] ). Future applications may employ vector boson pp data to advance our knowledge of transverse momentum parton distributions [18, 34] . Also, a program combining Drell-Yan and Higgs measurements may be viable at high luminosity [35] to carry out precision QCD studies accessing gluon transverse momentum and polarization distributions [35, 36, 37] .
Vector boson plus jets production [25] . The yellow band is the experimental uncertainty. The blue band is the theory uncertainty.
